It has been demonstrated repeatedly that some strains of Streptococcus pyogenes elaborate relatively large amounts of capsular hyaluronic acid when grown in liquid media containing horse or sheep serum as a supplementary nutrient and glucose as a source of energy. That the high concentration of polysaccharide thus obtained depends primarily on luxuriant growth is shown by the fact that some strains, well adapted to artificial culture media, will produce large amounts of capsular substance in glucose infusion broth without added serum, and still larger quantities if the acid produced during glucose fermentation is neutralized from time to time to permit continued growth.
Since S. pyogenes can utilize for growth other sugars such as galactose, lactose, fructose, and sucrose, it was thought to be of interest to compare the amount of hyaluronic acid synthesized in the presence of these sugars with that formed in glucose broth. The initial finding of a marked difference in the production of capsular polysaccharide by these organisms when grown in a medium containing galactose as compared with the yield in glucose broth led to the speculation that their fermentative metabolism might also differ on the two sugars. This has been confirmed. (Pike, 1948a,b,c) .
The organisms were preserved in the dried state in sealed glass ampoules. During periods of use they were carried on Pai's coagulated egg medium slanted in screw capped tubes, with transfers at monthly intervals.
Culture media. For studies on the effect of various sugars on hyaluronic acid synthesis, heart infusion broth (Difco) was used as a basal medium. In some cases the sugars were added to previously autoclaved broth media as Seitz-filtered 10 per cent solutions in broth, but later work indicated that autoclaving the sugars in the medium produced no measurable effect on the results of any of the tests or upon the performance of the various organisms.
Heart infusion broth (Difco) containing one per cent glucose by weight and one per cent by volume of saturated alcoholic phenol red was employed in the preparation of purified streptococcal hyaluronic acid.
The following sugars were used in these studies: sucrose, Difco; D (-)fructose, Pfanstiehl C.P.; D(+)galactose, Pfanstiehl C.P.; D(+)galactose, Nutritional Biochemicals Corporation; D(+)glucose, Nutritional Biochemicals Corporation; and glucose, Difco.
Turbidimetric test for hyaluronic acid. The method of Seastone (1939) was used since it has been shown that under conditions comparable to those employed here the capsular polysaccharide forms an insoluble complex with protein at pH 3.8, and within limits the degree of turbidity thus formed is proportional to the amount of hyaluronic acid present.
a. Acidified protein reagent. Clear, essentially hemoglobin-free sheep serum was diluted with 9 parts of 0.2 M acetate buffer of pH 3.8, the reaction adjusted to pH 3.8 with 6 N HCl, and enough aqueous merthiolate added to give a final concentration of 0.01 per cent after bringing the acid serum reagent to a final 1 to 10 dilution with acetate buffer.
For testing culture supemates, one ml of the acid serum reagent was diluted with three ml of 0.2 M acetate buffer, pH 3.8, in a previously calibrated colorimeter cuvette,2 one ml of culture supemate was added, the contents of the tube were thoroughly mixed and allowed to stand for 20 minutes at room temperature. Turbidity was read with the photoelectric colorimeter at a wavelength of 620 m,u and converted to milligrams of hyaluronic acid by reference to curves prepared with standard solutions of purified streptococcal hyaluronic acid in heart infusion broth.
b. Hyaluronic acid standard. Twenty ml of an 18-hr culture of strain S23 in plain heart infusion broth were added to 400 ml of heart infusion broth containing phenol red and one per cent glucose. The culture was incubated at 37 C with frequent neutralization for 10 hours and then overnight without further neutralization. After adjusting the reaction to pH 7.4 the culture was boiled 10 minutes and Seitz-filtered; to the filtrate were added 8.4 per cent sodium acetate, 0.1 volume of glacial acetic acid, and 1.25 volumes of 95 per cent ethyl alcohol (Harris and Harris, 1949) and the mixture placed in the refrigerator overnight.
The precipitate was taken up in 15 ml of M/15 phosphate buffer, pH 7.2, and treated with 1.25 volumes of 95 per cent ethyl alcohol saturated with sodium acetate. The second precipitate was dried, weighed, and used in heart infusion broth solutions to prepare hyaluronic acid/turbidity curves.
Lactic acid determination. Two methods were used for the determination of lactic acid, the colorimetric procedure of Barker and Summerson (1941) Production of hyaluronic acid by S. pyogenes in broth media containing various sugars. Overnight cultures in plain heart infusion broth were added to 9 volumes of autoclaved heart infusion broth containing about 1.11 per cent sugar to give a final sugar concentration of one per cent. After 24 hours' incubation at 37 C, the cultures were centrifuged, the bacterial sediments washed and used for nitrogen determinations while the culture supernates were tested for hyaluronic acid. The results are shown in table 1.
It can be seen that all four strains produced from two to three times as much hyaluronic acid in the presence of one per cent glucose as in media containing one per cent galactose. Tests on lactose broth using strain S23 gave variable results, the ratio falling in successive cultures until in the culture of 5-8-50 no hyaluronic acid could be detected by the method employed although its production on other sugars remained substantially the same. Early in May, 1950, this strain was passed serially through 4 mice. It can be seen from the data on the culture of 5-29-50 that this treatment restored the hyaluronic acid/bacterial nitrogen ratio for the organisms grown on lactose medium to its original level. Following mouse passage there was little change in the behavior of this strain on other sugars with the possible exception of glucose, where there was a questionable increase in production of capsular material. It should be noted that the tests of 5-29-50 were the only ones conducted with the mouse-passaged strain.
In order to assess the dependability of the test for hyaluronic acid under these conditions, several sources of possible error were investigated.
Since the hyaluronic acid/bacterial nitrogen ratios in plain heart infusion broth and in one per cent galactose broth were approximately the same (although growth and the gross amount of acid polysaccharide produced with the latter were greater), it was thought possible that small amounts of glucose derived from the infusion itself might be primarily involved in acid polysaccharide production in both media. Tests were conducted, therefore, using an infusion broth that had been previously fermented by Escherichia coli. In glucose and galactose media prepared with fermented broth the ratios of hyaluronic acid to bacterial nitrogen were 8.3 and 2.4, respectively, thus minimizing the possible role of small amounts of glucose introduced into the medium with the infusion.
The possibility was also considered that streptococcal cells from 24-hr cultures in galactose broth might retain on their surfaces sizable amounts of hyaluronic acid which then would not be detected in the culture supernates after centrifugation. It has been shown that boiling cultures of encapsulated hemolytic streptococci for 10 minutes will release into the medium all capsular acid polysaccharide previously attached to the cells (Seastone, 1939) . Such treatment did not alter the hyaluronic acid/bacterial nitrogen ratios of strain S23 grown in galactose broth, indicating that virtually all acid polysaccharide formed during 24 hours of growth was being measured.
Variability of the strain on galactose was checked by serial transfer of strain S23 through 6 passages in galactose broth. In no case were nonencapsulated variants observed.
Measurements of the reactions of broth culture supernates with the glass electrode revealed that in some cases 24-hr S23 cultures in galactose broth had a final pH of about 5.2 while the same organism growing in glucose broth usually produced a final reaction in the neighborhood of pH 4.9. The buffering effect of galactose broth culture supernates might have caused the reaction to become more alkaline than pH 3.8 which is optimal for precipitation of the polysaccharide-protein complex in the system employed. However, measurement of the reactions of various supernate-acidified serum-acetate buffer mixtures showed that there was no correlation between marked variations in turbidity and the extremely small variations in pH encountered in these mixtures.
It was further shown that neither galactose nor galactose broth culture filtrate interferes with the turbidimetric test for hyaluronic acid.
Since Friedemann (1938) and McIlwain (1946) have shown that glucose is converted largely to lactic acid by this organism, it was thought possible that the difference in metabolic activity of S. pyogenes on glucose and galactose media as evidenced by changes in hyaluronic acid production might be accompanied by other changes in the metabolism of these two sugars, indicated perhaps, by the quantity and nature of the products formed during fermentation. Preliminary work showed that strains S23, A-ill, no. 1, and no. 67 did in fact form less lactic acid from a given quantity of galactose than from the same amount of glucose.
In order to obtain additional data on this finding the following experiment was conducted: strain S23 was grown for 24 hours at 37 C in plain heart infusion broth. Ten ml volumes of culture were then added to 90 ml volumes of broth containing 1.11 per cent of glucose or galactose. Twenty-five ml samples were immediately withdrawn from each culture and mixed with equal volumes of 10 per cent aqueous trichloroacetic acid, the precipitate being removed by centrifugation. The remaining untreated portions of the cultures were incubated in a 37 For each millimole of glucose used two millimoles of lactic acid were formed, which is in agreement with the findings of Friedemann (1938) and McIlwain (1946) The studies by Grant (1935) , Kosterlitz (1943) , Wilkinson (1949) , and Totton and Lardy (1949) indicate that in yeasts galactose is phosphorylated as proposed for glucose, at the triose phosphate stage, possibly by way of D-tagastose-6-phosphate which bears the same relationship to galactose as fructose-6-phosphate does to glucose. If such a pathway for galactose metabolism were operative in S. pyogenes, two moles of lactic acid should appear for every mole of galactose utilized. This has been found not to be the case in the present study. The identification of the remaining end product or products of the fermentation of galactose by S. pyogenes would aid in the elucidation of the problem.
